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Abstract 
A total knee replacement (TKR) or total knee arthroplasty (TKA) is a surgery that replaces an arthritic knee joint with an 
artificial metal or plastic replacement parts called the ‘prostheses’. The typical knee replacement, replaces the ends of the femur 
with metal femoral component and tibia with metal tibial component and plastic insert is inserted between them. During the 
walking cycle, knee joint prosthesis is subjected to cyclic loading which causes fatigue failure and sliding present between insert 
and femoral component enhances the wear process in plastic insert. In other words, the fatigue fracture and wear are basic 
mechanisms associated with knee joint prosthesis failure. In the previous failure analysis, fatigue and wear were separately 
analyzed. This paper estimates the life of Knee Prosthesis due to wear and fatigue individually as well as combined effect of 
both.  Prosthetic material such as UHMWPE for insert & Ti6Al4V, CoCrMo and 316L SS alloy for femoral and tibial component 
are chosen for analysis. To estimate wear, modified Archard’s law is used, considering cross-shear motions responsible for wear. 
This wear results are used for estimation of prosthetic life. Fatigue phenomena is approached by using Finite Element Method 
(FEM) which gives life expectancy of knee prosthesis for various combination of materials and finally the combined effect of 
wear and fatigue is dealt that gives life expectancy of knee prosthesis. 
© 2016 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the Organizing Committee of ICIAME 2016. 
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1. Introduction 
The application of tribology in medical science is a growing and rapidly expanding field. It necessarily builds 
upon the fundamentals of engineering tribology, and extends well beyond conventional boundaries. Biomedical 
tribological systems involve an extensive range of synthetic materials and natural tissues, which often operate in 
complex interactive biological environments. Total knee replacement (TKR) made it conceivable to remove an 
 016 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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extremely infected, painful knee and restore normal function and a normal quality of life to the tortured patient. The 
early results of TKR are almost all spectacular and knee replacement has turned into the best kind of orthopedic 
surgery. The impact of damaged joint components on patients is widely depicted in available medical literature [1].  
Usually, cases of damage are fatigue fractures of the metal components and adhesive wear of ultra-high molecular 
weight poly-ethylene (UHMWPE) components [2,3]. In vitro simulations can be an important tool to estimate the 
behavior of new prosthesis designs and materials during the time of wear. Pre-clinical testing of components is vital 
to find out the probability of damage or time dependence of wear [4]. In practical applications it isn’t possible to 
attain the similar dynamic conditions as during natural movement of joints after implantation. Perfect “in vitro” 
individual testing of parts and also of components can be attained only by altering (or simplifying) some conditions. 
Although the success of TKR is well noticed, problems or pain during motion still remain in a fixed number of 
patients. This might be explained by surgical errors or by excessive deviations from the standard knee anatomy 
which can lead to a different biomechanical behavior than what the prosthesis was designed for [5-7].  Most TKRs 
function as surface replacements within the soft tissue envelope that surrounds the knee. Consequently, positioning 
and sizing of the components will largely affect the post-operative result. Any lose guide wrong sizing will affect 
loads on the interface and tension in the ligaments [8]. This will lead to deviation in knee mechanics inducing 
stiffness, instability and early loosening [9-15]. 
An approach that was technically relatively simple resulted in a temptation to implant prosthetic knee joints with 
ever increasing frequency in ever younger patients. This prompted the development of new issues, which were not 
all that obviously perceived at the beginning: it emerged that the stability of prosthetic knee joints was of limited 
duration. This had the accompanying result: If total knee prosthesis is implanted in an elderly person whose 
remaining life-expectancy is shorter than the life span of the prosthesis, knee replacement is a life-long solution. We 
can therefore say that, for a patient who has only 10 to 15 years left to live; their knee problem is solved by total 
knee replacement. For youngsters, who still have a long future before them, it is different. They will encounter 
failure of the artificial joint and require further surgery. Therefore it is needed to estimate the life of knee joint 
prosthesis (KJP) through research and literature so that life hindering parameters can be identified for further 
research and life span of knee prosthesis can be improved for better life style and ease patients.  
2. Materials and Method 
2.1. Materials 
Biocompatible materials used in this analysis are listed in Table 1 along with their physical properties. 
Table 1 Properties of Material Used for Analysis [16], [17], [18] and [19] 
Material 
Density  
(Kg/m3) 
Young's  
Modulus (Pa) 
Poisson's  
Ratio 
Yield  
Strength (Pa) 
Ultimate  
Strength (Pa) 
UHMWPE 930 6.90E+08 0.29 2.10E+07 4.80E+07 
Ti6Al4V 4430 1.15E+11 0.342 8.80E+08 9.50E+08 
CoCrMo 8300 2.30E+11 0.3 6.12E+08 9.70E+08 
316L SS 8000 1.97E+11 0.3 2.80E+08 6.35E+08 
2.2.  CAD Modeling 
 The geometry of prosthesis has a significant influence in its performance therefore need of adopting the 
standard procedure to model the prosthesis is required; the geometrical models were developed by using PRO-E v.4 
software after referring the design standards prescribed by Mallesh and Sanjay, 2012 [20]. Knee prosthesis consists 
of three components i.e. a femoral component, tibial component and insert. Insert lies between femoral component 
and tibial component. Here we are not considering tibial component, because it doesn’t have any impact on results. 
The assembly of femoral component and insert is given in Fig. 1.  
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2.3. Wear Calculation 
The wear depth approximation used in this study based on a modified form of the classic Archard’s Wear Law 
that separates wear due to unidirectional and cross-shear motions. The proposed wear depth approximation is simple 
and generally applicable to wear systems that exhibit adhesive contact wear mechanisms including wear 
mechanisms found in total joint replacements [21]. 
 
ܪ ൌ ሺ݇଴ ൅ ݇כݔכሻ כ ܥ௉ כ ݀  Eqn. 2.1 
Where, ko = Wear coefficient of linear motion (# 0), k* = wear coefficient of cross-shear motion, 1.8 x 10-9 
mm
3/N.mm, x* = Normalized cross-shear intensity (1/100), Cp = contact pressure, N/mm2, d = cross- shear length, 15 
mm, H = wear depth, mm. 
 
 
Fig.1. Assembly of liner and femoral component 
2.3.1 Standardized loading Protocol for wear calculation: Preclinical endurance testing of total knee 
replacements (TKRs) is performed using International Organization for Standardization (ISO) load and motion 
protocols. The axial force profile specified by the ISO standards, although providing a standard by which TKR 
designs can be compared, does not result in wear characteristics that represent in vivo TKR wear [22,23]. To 
determine if axial force contributes to these discrepancies, we calculated the axial forces across TKRs during the 
stance phase of gait using a validated mathematical model.  
The standards are based on data from normal subjects and may not sufficiently mimic in vivo implant conditions. 
In this study, a mathematical model was used to calculate the axial force profile of 30 TKR patients with 2 TKR 
implant types, 22 with NexGen and eight with Miller-Galante II Cruciate-Retaining TKRs, and statistically compare 
the axial force specified by the ISO standard to the TKR patients as shown in Fig. 2 [24]. 
 
 
 
 
Fig. 2. Chart of axial forces on prosthesis as per ISO standards and 
TKR mathematical model avg. (Lundberg et al. 2012) [24] 
Fig. 3. Time and walking load component on prosthesis (Kayabasi et 
al. 2006) [26] 
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2.4. Fatigue Calculation 
 Out of all criteria generally used for design and calculation purpose of fatigue failure, the following theory and 
mathematical relation are considered [25]. Fatigue failure theory and mathematical relations 
 
Soderberg failure theory Modified Goodman relation Gerber failure criterion 
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Using the theory of fatigue failure the following formulas are used for calculations:  
ܣ݈ݐ݁ݎ݊ܽݐ݅݊݃ܵݐݎ݁ݏݏ ൌ ߪ௠௔௫ െ ߪ௠௜௡ ʹΤ   Eqn. 2.2 
ܯ݁ܽ݊ܵݐݎ݁ݏݏ ൌ ߪ௠௔௫ ൅ ߪ௠௜௡ ʹΤ    Eqn. 2.3 
Application of load on the prosthesis for fatigue analysis: Gait cycle load is applied on the knee prosthesis as 
shown in Fig.3 to carry out finite element analysis using ANSYS 14 software. 
2.5. Convergence test and design modification 
The finite element meshes of implants were generated using solid tetrahedron element. Each complete model 
consisted of around 71,53 elements and 85,60 nodes. To capture the accurate value of stresses, fine meshing is 
required. So element size of the model was reduced from 8 mm to 2 mm in steps of 1 mm. It is an essential step in 
order to identify that results obtained are relevant (correct) or not because if any variation more than 5% is identified 
for the same load than results calculated are of no use. So, mess size of 6 mm was taken from the convergence test 
on prosthesis. 
A progressive modification in model of liner insert is done (year wise) by using the wear depth data obtained 
from wear calculations using Archard’s wear law mentioned in section 2.3. 
3. Results 
3.1. Results for Wear Calculations 
To find out wore depth in the liner, calculation of contact pressure is must. Calculation of contact pressure and 
wear depth is given as follows: 
3.1.1 Contact Pressure (Cp): The load is applied as per ISO standards using the ISO key points on prosthesis for 
the evaluation of contact pressure using FEM. The contact pressure on various loads is tabulated in Table 2. 
Table 2 Contact pressure at ISO loads at ISO key points  
Axial Force at ISO Key Points (N) 1800 1200 2600 800 2450 
Contact Pressure (MPa) 33.8 26.9 41.6 20 40.3 
 
3.1.2 Wear Depth (H): Using modified wear Archard’s Equation 2.1 and calculated contact pressure given in 
table 3, wear depth of liner insert is calculated (considering 10000 gait cycle per day for a healthy person undergone 
TKR treatment) in Mat Lab tool and result is given in Table 3. 
Table 3. Results of wear depth of Liner Insert 
Duration 1 Gait Cycle 1 Day 1 Year 2 Year 5 Years 7 Years 10 Years 12 Years 15 Years 20 Years 
Wear 
Depth mm 
1.12E-08 1.12E-04 4.10E-02 8.21E-02 2.05E-01 2.87E-01 4.10E-01 4.92E-01 6.15E-01 8.21E-01 
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3.2. Results for Fatigue  
3.2.1 Liner Insert of UHMWPE and Femoral Component of Ti6Al4V alloy: After applying all settings like 
material allocation, mesh size etc. and load on prosthesis that are required for solution, ANSYS analysis is 
performed and results are obtained. These results are also tabulated in Table 4. 
Table 4 Variation of von-Misses stress on Liner Insert 
Time (sec.) 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
Liner Von-Mises Stress 0 7.2 5.4 2.2 4.6 9.9 12 4.1 6 2.2 2.2 
 
On the basis of above solution using Eqn. 2.2 & Eqn. 2.3 respectively Vmin = 12.324 MPa, Vmax = 2.2095 MPa. 
Therefore, Alternating Stress = 7.27 MPa and Mean Stress = 5.07 MPa. Maximum alternating stress of UHMWPE 
is obtained as 7.73 MPa by using Fig. 4. 
 
 
 
Fig. 4. Endurance strength plot of UHMWPE Fig. 5. S-N curve of UHMWPE [27, 28] and max alternating stress of 
liner insert with Ti6Al4V, CoCrMo & 316L SS as femoral components  
3.2.2 Liner Insert of UHMWPE and Femoral Component of CoCrMo alloy: On following the same protocol as 
above with Liner Insert of UHMWPE and CoCrMo alloy as its femoral component, the result obtained is 7.46 MPa 
as shown in Fig. 5. 
3.2.3 Liner Insert of UHMWPE and Femoral Component of 316L SS alloy: On following the same protocol as 
with Liner Insert of UHMWPE with 316L SS alloy as its femoral component, the result obtained is 7.36 MPa as 
shown in Fig. 5. 
 
  
Fig.6. Contour plot of von-Misses stress of liner insert went through 10 
years of wear depth 
Fig. 7. Plot of von-Misses stress in liner insert after 10 years of wear 
depth 
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3.3. Results for Combined effect of Wear & Fatigue 
3.3.1 Liner Insert of UHMWPE and Femoral Component of Ti6Al4V alloy: The results are shown in Fig. 6 and 
Fig. 7. Using Eqn. 2.2 & Eqn. 2.3 respectively, given as, Vmin = 2.79 MPa, Vmax = 15.09 MPa. Therefore, 
Alternating Stress = 6.15 MPa and Mean Stress = 8.94 MPa. Using linear equation and data obtained from Fig. 6 
and Fig. 7, the maximum alternating stress in liner insert after the wear depth of 10 years has been calculated and 
found out 10.71 MPa using Fig. 8. 
Similarly, calculations for Von-Misses Stress after 1 year, 2 year, 5 years and 15 years have been performed and 
their corresponding alternating stresses have been calculated. According to author Brunette et al. (2001) [29], the 
prosthesis undergo 2 million cycle each year therefore the results obtained from above analysis is tabulated in Table 
5. 
Table 5. Results of alternating stress in liner insert w.r.t. no of cycles & years for different femoral component material 
No. of Cycles (millions) No. of Years 
Alternating Stress (MPa) 
Ti6Al4V CoCrMo 316L SS 
1 0.5 7.73 7.46 7.37 
2 1 7.88 8.23 8.09 
4 2 7.9 8.26 8.27 
10 5 8.32 8.62 9.24 
20 10 10.71 9.59 9.44 
30 15 13.42 14.48 12.66 
 
3.3.2 Liner Insert of UHMWPE and Femoral Component of CoCrMo alloy: On following the same protocol as 
with Liner Insert of UHMWPE and Ti6Al4V alloy as its femoral component, the results for liner insert with 
CoCrMo alloy as its femoral component is calculated and tabulated in Table 5. 
3.3.3 Liner Insert of UHMWPE and Femoral Component of 316 L SS alloy: On following the same protocol as 
with Liner Insert of UHMWPE and Ti6Al4V alloy as its femoral component, the results for liner insert with 316L 
SS alloy as its femoral component is calculated and tabulated in Table 5. 
On combining all the figures and results of alternating stress for Liner Insert of UHMWPE with Ti6Al4V, 
CoCrMo & 316L SS alloy as its femoral component, Fig. 9 is plotted and compared. 
4. Discussion 
An essential cause of failure of metal-on-polyethylene knee inserts is wear of the polyethylene part. A significant 
of wear occurs at the articular surface where the metallic femoral segment contacts the UHMWPE tibial part. The 
articular surface of the polyethylene tibial bearing is subjected to moderately high contact load throughout 
rolling/sliding contact movement as the joint oscillate with frequency of one to several hertz. Fretting fatigue of 
insert compounds focused around the S-N approach has been considered [30]. In metal inserts, wear debris has 
given rise to darkening of encompassing tissue. Wear particles also lead implant loosening giving rise to severe 
three-body wear. Simulation under conditions that respect real kinematics and dynamics of applying a load to the 
components are important to predict the behavior of new prosthesis designs and materials during the time of wear. 
Different studies have indicated that the step of TKR patients is not the same as the walk of healthy subjects. Hence 
the time conduct which is proposed in the ISO standard does not really represent the loads in TKA patients. It is 
difficult to simulate the true development of particular patients. Hence, a loading mode (with respect to daily 
activities) was determined, based on experimental studies. 
As observed from results of section 3.1 of the wear depth reached in 15 years is far less than the hypothesis 
adopted for its shake down (failure) limit i.e. 1 mm. Hence as per calculation the liner insert will perform till 24 
years until it reaches the failure limit, but it’s not true, according to Kennedy et al. (2013) [31] unfortunately, 
failures of the surfaces are all too common; many knee prostheses have a life of less than 15 or 20 years. 
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From graphs of section 3.2 it can be concluded that alternating stress generated in Liner insert of prosthesis is 
much below the endurance strength. So, there would be no fatigue failure and prosthesis has infinite life as per 
results obtained from analysis of all combination of materials. 
Figures of section 3.2 describe the following points: 
x Alternating stress value of Liner insert crosses the UHMWPE after 20 but before 30 millions of cycles. 
x According to the results obtained using S-N Curve, Liner Insert is performing between 10 to 15 years more 
precisely speaking between 13 to 14 years in each case of combination. 
x As already decided that liner insert is a bottleneck component hence the knee prosthesis will also have lifespan of 
13 to 14 years  
x But if someone is having lesser walking cycles per year than prosthesis may perform till 15 to 16 years without 
problem but not beyond that. 
Because we are living to older ages we are essentially outliving the lifetime of current joint replacement designs. 
Research shows that current implants are surviving to the 15 year mark [32-34] but much beyond that is 
questionable. 
 
  
Fig. 8. Maximum alternating stress in liner insert after 10 years of wear 
depth 
Fig. 9. S-N curve of UHMWPE and liner insert alternating stress with 
Ti6Al4V, CoCrMo & SS316 L as femoral component. 
5. Conclusion 
After performing the whole analysis and simulation the following conclusions have been drawn  
x Lifespan of the prosthesis in this project is defined as the proper functioning of its intended function within 
prescribed load limit and environmental condition without causing any kind of pain for a particular interval of 
time. 
x Lifespan of prosthesis due to only wear process will lead to more than 20 years as observed in results of wear 
analysis. However, lifespan observed approximately 15 years while considering only fatigue phenomenon 
x Lifespan of prosthesis due to combined effect of wear and fatigue phenomena will lead to approximate 13-14 
years as observed in section 3.3 (combined effect of fatigue & wear) 
x There are several other factors that are involved in deciding the life of prosthesis like alignment, loosening of 
implant, biocompatibility etc. which hinder its performance beyond 15 years. 
The TKR patients are restricted from sports activity; heavy load lifting activity etc. on violation of 
recommendation prosthesis life reduces drastically. 
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